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Two Environmental Challenges for LA and CA S ~JRESS:

Ozone levels above the
1 H Eo.zo
Federal Air Quality Standard g

remains a challenge in the
SCAB.
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Monitoring of GHG, O;, and O, precursors in Cities S JFRESSR
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Motivation: Air Quality and GHG Monitoring 3~ eresse

Ozone (O,) Monitoring Stations

Ground stations have limited spatial
coverage and are influenced by local
emissions.

Satellite measurements have greater spatial
coverage, but less sensitivity to
measurements near surface, less temporal
resolution.

No vertical information is available

Clendale 5 0

LoslAngeles o

GHG observational network is still very |
Sparse ‘?'c;ir‘gnce
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> _Eney

ST
Huntington Beach 8]

There is a need for long-term monitoring _
techniques of urban ozone precursors Tropospheric NO, columns from OMI

and greenhouse gases with good spatial ~>2tellite over South Coast Region of
. California for one day, August 1, 2008.
and temporal resolution

From (Russell et al., 2010) s
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A New Approach
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UCLA

A New Approach

Ozone Precursors: UV-vis Multiaxis Differential Optical Absorption Spectroscopy

GHG + CO: Near-IR Fourier Transform Spectroscopy

Mt. Wilson:
NASA-JPL California
f Laboratory for Atmospheric
o, HO, -{ Remote Sensing (CLARS)
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CLARS at Mt. Wilson

California Laboratory for
" Atmospheric Remote Sensing (CLARS)

Altitude: 1.7 km a.s.l. T

o Glendale

o Pasadena

Current Instrumentation: Amamoral
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Multiaxis - DOAS

Continuous scans in both vertical
(elevation) and horizontal (azimuth).
Cycle length: 60-80 minutes
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Differential Optical Absorption Spectroscopy S ~JFRESSR

> '”[_ Ila((lz))]

SCD = D = j Conc.(s)ds
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Multi-Axis DOAS (MAX-DOAS):
ground-based passive spectrometer,
looking at a positive elevation angle q,
collecting scattered sunlight
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Trace Gases Measured

log(Intensity)

Species Scan | Wavelength | Fitted Spectral References | Detection Limit
Interval (nm)
0l UV [ 350-390 NO,, O,, HCHO, HONO [ 7*10% molec?/cm®
0} Vis | 464-506.9 NO,, glyoxal, O,, H,0 8*10%! molec?/cm?®
0)) Vis |519.8-587.7 | NO,, O,, O5, H,0 5*10*! molec?/cm®
HCHO uv |[332.8-377.8 |[HCHO, NO,,0,, O, 2*10'6 molec/cm?
HONO
NO, UV |332.8-377.8 | NO,, HCHO, O,, O, 2*10%5 molec/cm?
HONO
NO, UV |416.3-456.6 | NO,, glyoxal, O,, H,O 1*10% molec/cm?
NO, Vis | 464-506.9 NO,, glyoxal, O,, H,0O 1*10% molec/cm?
NO, Vis |519.8-587.7 | NO,, O,, O5, H,0 2*10'°> molec/cm?
x10 %4 "0z
5 -0.015
-0.02
0
-0.025 b
—5 f /
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ﬁ

At each viewing angle
the MAX-DOAS scans
twice in two different
wavelength ranges, once
in the UV (335-465 nm),
and once in the visible
(465-595 nm)
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— Fit Spec.
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From Column Densities to Concentrations

p ¥
e

What does the MAX-DOAS “see”?

A: Reflection from the
ground.

B: Rayleigh scattering by air
molecules.

C: Mie scattering by aerosol

D: Multiple scattering
events

* A model simulating the radiative transfer is needed in the UV and visible

e Use of a tracer for the radiative transfer can be used in the near-IR >
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Cloud Sorting

O, values vary_ _

- Low clouds: highly

reflective, block
view of basin

~
Intensity
increased

To obtaina “clear-sky” fit

l - (R R > Tofilter a dataset...
polynomial...

Subtract fit polynomial
from each measurement

Extended period with
hourlywebcam
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Qualitative Radiative Transfer Considerations S “JFRESSR.

VLIDORT calculates Differential Box Air-Mass
Factors (DBAMF) showing each atmospheric layer’s
contribution to absorption and scattering at each

elevation angle:
DBAMFs by viewing elevation angle
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Qualitative Radiative Transfer Considerations

VLIDORT calculates Differential Box Air-Mass
Factors (DBAMF) showing each atmospheric layer’s
contribution to absorption and scattering at each

elevation angle:
DBAMFs by viewing elevation angle
4
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atmosphere with
decreasing elevation angle
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Very sensitive to 1.7 km altitude,
but still get information aloft and
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Qualitative Radiative Transfer Considerations

VLIDORT calculates Differential Box Air-Mass
Factors (DBAMF) showing each atmospheric layer’s
contribution to absorption and scattering at each

elevation angle:
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Quantitative Retrieval Approach

UCLA

Radiative Transfer Constraints: MAX-DOAS Observations:

* 0O, DSCD+ non-linear optimal estimation Trace gas slant column density

* Aerosol extinction profile from AERONET at different viewing elevations
and LIDAR observations

Radiative

trace(Ak): 5.1798

15-Jun-2010 17:08:50

3 e Transfer Model T o
——a priori profile :
T" ——retrieved profile + i
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25} Inversion 28T 0.7
— 09
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Z - — 15
E Vertical Averaging -
g15¢ i concentration Kernels, DOFs, |'°f o
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How much altitude information can we retrieve?

UCLA

Approach:

* Simulate Aerosol/NO, Profiles for
a large range of atmospheric
conditions

 Use of optimal estimation to
determine information content:

Averaging Kernel:
Retrieval is sensitive to the true state

Degrees of Freedom :

Number of independent pieces of
information (true height resolution).

4-5 pieces of NO, altitude
information can be obtained
from the MAX-DOAS

Retrieval with 1% error

Trace(AK) = 4.5324

——a priori profile
il ——retrieved profile
——true profile

2.5F

N
T

Altitude (km)
- o
/_Tx

0.5f H 1

-
(-)1 0 1 2 3 -8.5 0 . 0.5 1
Number Concentration (cm'3) x 10" Averaging Kernels

NO, boundary layer M.R. (ppb)

5 10 30 50
0.5 4.62 4.77 495 501
Boundary 1.0  4.65 4.81 501  5.10
Layer Height 1.5 4.67 4.86 507  5.17

(km)

18



Atmospheric NO, Profiles

Altitude (km)
(&)

25-May-2010 19:22:37

—retrieved profile

DOF =5.2
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15-Jun-2010 17:08:50
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Comparison with Surface Observations

80 1 1 |
- Azusa ground station =
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MAX-DOAS NO, retrieval in lowest 100m compares well with surface observations.

Caveat: The two instrument do not probe the same airmass!
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Altitude resolved view
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Ozone formation sensitivity from Mt. Wilson

UCLA

CO+VOCs CO,+H,0

O +hv+H, o H202+OZ

+NO +HO

_\ 2.

LN/Q > 0.5 VOC limited
LN/Q < 0.5 NO, limited

Sillman et al., 1990

If Ly and L are the loss rates in low
NO, and high NO, conditions, and Q
is the radical production rate:

Q=L +L,

Then I__H/Q is the fraction of free
radicals in the atmosphere removed
through reaction with NOX

HYDROCARBON EMISSIONS

6 b e ke w B | I -1 I
5| NOX I|m|ted \2°Lt
%L l
@ 4 : _—
) | |80
E Tel T }‘\Mé
) % voC-
A N : o limited
ARV /M i

o 2 4 6 8 10 12 14 16 18 20
NO, EMISSIONS (10! mol ecm~2 sec™) 22



HCHO/NO, ratio during CalNex in Los Angeles
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Ratio of HCHO/NO, (University of Houston)

3.0

ratio < 0.55, VOC-limited regime

ratio > 0.55, NO,-limited regime

(Ln/Q data from P. Stevens, Univ. Indiana, pers. communication,

unpublished data)

UCLA
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HCHO/NO, ratio for one month

Daily-averaged HCHO/NO, ratios during Calnex 2010

1 [ [ [ [
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Ratio of HCHO DSCDs to NO2 DSCDs

0.1+ L |

0 [ [ [
May 23 May 30 Jun 06 Jun 13 Jun 20 Jun 27 Jul 04
Date (UTC)

HCHO and NO, analyzed at same wavelength (323-350 nm) to cancel
out radiative transfer effects

In agreement with higher weekend ozone in Los Angeles -



Seasonal Trends in HCHO/NO, ratio

Ratio of HCHO/NO2

2 - .
—=—\Weekdays
—=—\Neekends
1 |
O | - 1
Jan 2011 Jan 2012 Jan 2013
Monthly mean of HCHO/NO2 ratio, Elevation -4
2 - I
—=—\Neekdays
—=—\Neekends
1F il
O L 1
Jan 2011 Jan 2012 Jan 2013

UCLA

Monthly mean of HCHO/NO2 ratio, Elevation O

Possible explanations: reduced sunlight during winter? Greater
biogenic VOC production during summer? Changes in boundary
layer meteorology?

25
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Weekend effect (observed)

Hourly-averaged DSCDs for both NO, and HCHO, separated by
weekday and weekend. The bars show the variance.

X 10" NO2 DSCDs, elevation -4, 2011 . +10'® HCHO DSCDs, elevation -4, 2011
. —&—\Weekdays &S -e-\Weekdays
NE o5 —8-\Weekends | g -e-\Weekends
o S0
E 3
QL 2r o 10
= E
g 15 A
O 3
8 1r A 5t
O
O 05} (35
= T
0 : : . : 0 . — . . .
6 9 12 15 18 6 9 12 15 18
Time (PST) Time (PST)

Weekend/weekday difference in ozone formation
sensitivity is from NO, concentrations / emissions
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S

ources of CO, in the LA Basin

UCLA

* Anthropogenic CO, emissions
primarily come from fossil fuel
combustion.

* Emissions are understood to within
5-10% (California Air Resources
Board, 2008)

Natural gas fueled power plants

27
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Sources of CH, in the LA Basin

2" most important GHG. 25 times the
global warming potential of CO,.

 Comes from a variety of sources.

* Emissions in the LA basin have 30 to

>100% uncertainties! (Peischl et al., 2013,
Jeong et al., 2013, Wunch et al., 2009; Hsu et

NG Pipeline leakage
al., 2010; Wennberg et al., 2012). — S S

* Need to quantify emissions better! )8
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Azimuthal

easurement modes:
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N/

Two measurement modes:
—

A\~
-9
A

Azimuthal

1. Spectralon
viewing

Spectral bands: = R

CO, (1.6 um)
CH, (1.7 um)
N,O (2.3 um)
CO (2.3 um)
0, (1.27 um)
AMT Paper: Fu et al. 2014

lp@ Idged \! i,




e 28 strategically selected locations
* 5-8 measurement cycles per day .
* Special measurement cycle: target mode

Vata du, NUAA, U.D, Navy, NLA ” Ao
i a £ o Lo




Diurnal patterns of XCO, and XCH,

UCLA

Filtered data @ SVO @ LABS (west Pasadena) [ LABS (Santa Anita Park)

2 430 - .

5 420 7 : ' ) "
£ 410- *’. - @5 #I:_ F‘. s

o 400 - 2 -

% 390 Tt G an®  a® G e g
~ 2000- F -

2 1900 ® ! L r
Z ' & R A

T 1800—

S e T S S S —

5/5/12 5/6/12 5/?/12 5/8/12 5/9/12 5/10/12 5/11/12
local time Source: Wong et al. 2015, ACP
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Correlations between XCH,,, and XCO,,

slope = 7.28 + 0.09

XCHy xs (ppb)

west Pasadena
(09/11-10/2013)

T T T T 1

0 10 20 30 40
XCO, x5 (ppm)

slope = 6.09 £ 0.05

XCHy4 xs (ppb)

Santa Anita Park
(09/11-10/2013)

T T T T |

0 10 20 30 40
XCO; xs (ppm)

Tight correlations were observed
between XCH, and XCO, excess
mixing ratios.

The correlation slopes indicate the
relative emission flux of the two
GHGs in Los Angeles.

36
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C

XCHy s (ppb)

XCH, s (ppb)

200+

orrelations between XCHm, and XCOZ‘“” S JERESS:

250

XCH4:XCO2 excess ratio (ppb:ppm)

slope = 7.28 + 0.09 8 >7-3..;A.._. \

1

72 the Mount Wilson

o Taza

west Pasadena
(09/11-10/2013)

0 10 20 30 40
XCO; ys (ppm)

slope = 6.09 + 0.0

=54 ;
Reflection points Source: Wong et al.. 2015, ACP

Spatial averaging causes smearing of plumes, making attribution
of point sources difficult without knowing atmospheric transport.
This can be improved in the further when the observations are

0 10 20 30 40 integrated with an atmospheric transport model.
XCO; ys (ppm)

Santa Anita Park
(09/11-10/2013)




Derived CH, Flux in Los Angeles

. . . CH, MWecH,
Derived CH, emission = CO, emission X C_O2 lobserved MW co,

Copyright 2015. California Institute of Technology. Government sponsorship acknowledged.



Comparison with Previous Studies

Measurement CH, : CO, ratio Derived top-down Measurementtype References
(Location, period) (ppb:ppm) CH, emission

(TgCH, year™)
TCCON 7.80+0.80 0.40 £0.10 Column (FTS) Wunch et al. (2009)
(Pasadena, Aug 2007-Jun 2008) 0.60 £0.10
ARCTAS 6.74 £ 0.58 0.47 £0.10 Aircraft in-situ Wennberg et al. (2012)
(LA, Jun 2008) (Picarro)
CalNex 6.70 £ 0.01 0.41 £0.04 Aircraft in-situ Peischl et al. (2013)
(LA, May 2010-Jun 2010) (Picarro)
Caltech 6.30+0.01 0.38 £0.05 Surface in-situ Newman and Hsu, per.
(Pasadena, Feb 2012-Aug 2012) comm. (2014)
Mount Wilson 6.10£0.10 0.37 £0.05 Surface in-situ Hsu, per comm. (2014)
(Pasadena, Sep 2011-Jun 2013) (Picarro)
CLARS-FTS, Mount Wilson 6.40 £ 0.50 0.39 £0.06 Column (FTS) This study

(LA, Sep 2011-Oct 2013)

TR --a‘q'"«i"s:i"*'-.-
= —~‘ 'I -
L O L

',, ..Res Its are'con'shsten’t wnth prevmus,,studles

‘ll N

Copyright 2015. California Institute of Technology. Government sponsorship acknowledged.
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Monthly Spatial Distribution in CH4:CO2

m3. > B
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Monthly CH,:CO, Trend in Los Angeles Basin

XCH,4:XCO, excess ratio (ppb/ppm)
.

6_.
5_| | | | | | ..................................... g B | ..............
7/1/11 /1 /124 7/ 2wl A3 B 7oA = 1/1/14 7/1/14 1/1/15 7/1/15 v
date 1.
N

-
.
-—

_l _,‘ * CH,:CO, ratio shows 20-28% seasonal cycle with peaks in fall :
~and winter. .

wd e e

Copyright 2015. California Institute of Technology. Government sponsorship acknowledged.



Monthly Top-Down Total CH, Emission Trend

55
=== Derived from CARB annual CO2 and Hestia monthly fraction

50+ | ~

45+

40+

35

30 i

2.5

Monthly CH, emissions (Gg/month)

[ [ [ [ [ [ [ | [ Y -
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Annual Trend in CH, emissions
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Little interannual trends were observed from 2011 to 2015.
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Derived emissions are significantly larger than the bottom-up emission

inventory.
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More than 130 families relocated after
methane leak near Porter Ranch
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This Nov. 3 photo provided by Southern California Gas Co. shows equipment being used as crews and technical experts try to gipp the
flow of natural gas leaking from a storage well at the utility's Aliso Canyon facility. (Javier Mendoza / Associated Press)




Legend Leak source
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Further analysis®is necessary to derlve a flux from the gas Ieak



Development of two remote sensing tools
for ozone precursors and greenhouse gases
observations.

Measurement vertical concentration profiles
of NO, .

Long term observation of ozone formation
sensitivity.

Top-down CH, emission: 0.39 + 0.06 Tg
CH,/year.

Observations of spatial and temporal
variation of methane in the SCAB.

CLARS provides long-term capabilities
required to study major pollution events
such as the gas leak, wildfires, refinery leaks,
etc.
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Optimize vertical aerosol extinction profile
retrievals.

< Wl

Investigation of seasonal cycle of
HCHO/NO, ratio and ozone formation
sensitivity.

Investigating seasonal cycles of CH,
emissions from various sources.

Investigating the role of transport in
seasonal monthly CH,:CO, spatial patterns
in the basin.

Combining CLARS observations with model
to derive and track spatio-temporal GHG
fluxes in the Los Angeles basin.
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CLARS vs. WRF-VPRM CO, slant colummn #&&=
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CLARS vs. WRF-VPRM CO, slant column 7=

(.':Gl2 Slant Column Density (#!cm2}
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log[Intensity]

log[Intensity]

UCLA

NO, retrievals by wavelength

DSCD: (5.3 £ 0.3) x 10%° All figures are in the
-0.01 . . . .
323 362 nm same viewing direction
- . + 16
0.015 ~NO, reference -o.oosDSCD (7. 3 +0. 1) X 10
i 464-507 nm
.0.02! — Retrieved NO2 001
-0.025¢ %-0.015
g -0.02
00%0 330 340 350 360 8 0025
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-0.03r
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Comparison to Ground-Based MAX-DOAS "JFRESSE.

UCLA

Wang., T., etal., 2014 0.7-2.1 SO, retrievals

Sinreich, R, et al., ~1 Parameterized method

2013

Coburn et al., 2013 ~2 NO,, similar method to ours
Vlemmix, T., et al., 2-3* Theoretical NO, study with
2011 comparisons

Clemer, K., et al.,, 2010 1.5-2 Multiple-wavelength retrievals
This study (elevated ~3-5 (aerosol), Theoretical retrieval
mountaintop ~4-6 (NO,)

position)

This study (elevated ~3-4 for aerosols, Typical atmospheric retrievals
mountaintop 3-5 for NO,.

position)

We see 2-3 times as much information from a mountaintop
position, than can be see from ground

53



Retrievals of Vertical Profiles: Optimal Estimation S~ JFRESSE
Measurement .
O, SCDs (one full vertical |Vectory Stel? 1. AerOSO/
scan) Aerosol

VLIDORT RTM

LIDAR/Aeronet
knowledge of aerosol

Levenberg-
Marquardt
Iteration

Extinction Profile

A priori

NO,/HCHO SCDs (one fuII
vertical scan) -

Vgc,tof'y

VLIDORT RTM

estimate of .-~
aerosol | profile

Averaging Kernels,
DOFs, error
estimates
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veasurement  Step 2: Trace Gases

_—

Jacobian K

'/~ Linear-Bayesian

Surface station obs.,

climatology

\ inversion
\

A priori

Vertical
concentration
profile

estimate of
vertical
concentration
profile

Averaging
Kernels, DOFs,
error estimates
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DoF Dependence on Environmental Parameters

UCLA

Aerosol Extinction Coefficient (km™)
0.05 0.1 0.25 0.5 1.0
0.1 3.66 3.63 3.56 341 2.93
Boundary|0-5 3.65 3.61 3.49 3.15 2.64
Layer 1.0 3.63 3.56 3.35 2.77 2.09
Height |1.5 3.59 3.48 2.97 2.82 2.16
(km) 130 3.57 343 281 242 162
5
Measurement error 4
0.2% 0.5% 1% 2% 5% € ;
10% 3.94 3.12 2.37 1.50 0.65 o
A priori 20% 4.49 3.94 3.42 2.65 1.50 % )
error 50% 4.89 4.34 3.94 3.42 2.37 1
100% 5.23 4.77 4.35 3.94 3.20 0
500% 5.73 5.23 4.89 4.49 3.94 anrgs-glsext.o.(1km4) .




UCLA

Atmospheric Aerosol Retrievals

October 16, 2011, 20:14 UTC trace(Ak): 3.7266
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— retrieved profile
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